rise of overall childhood obesity itself [2] . Hepatocyte steatosis is understood to be the hallmark of NAFLD [3] and in a recent population-based study the prevalence of NAFLD was found to be 46 with 12.2% of the total cohort having the more severe form -NASH [4] . NASH will soon be the foremost indication for adult liver transplantation in the United States. However, the mainstay of NAFLD and NASH treatment remains weight reduction. A recent meta-analysis of NAFLD in adults indicated that weight loss can improve both the histology and metabolic parameters found in NASH in a safe manner [5] . Vitamin E has also been recently shown to be protective against NASH, but unfortunately does not produce weight loss and is therefore an incomplete therapy [6] .
Diet and exercise usually result in regained body weight over time, in part probably due to powerful central mechanisms that seek to defend body weight against voluntary weight loss attempts. But efficacy of lifestyle modification and/or approved limited efficacy medications pale in comparison to the weight loss produced by bariatric procedures such as Roux-en-Y gastric bypass (RYGB) and vertical sleeve gastrectomy (VSG). These procedures are the most successful and effective treatment options for obese adults with long-term changes in body weight and reduction of overall mortality despite surgical risks [7, 8] , and have now been studied prospectively, with support from the National Institutes of Health (NIH), in adolescents with morbid obesity and associated disorders including NASH [9] [10] [11] . While the weight loss achieved by bariatric surgery has a profound metabolic impact, we recognize that the benefits of bariatric procedures go beyond what can be explained by weight loss alone and the long-held dogma of 'restrictive' and/or 'malabsorptive' processes [12] . As a case in point, we and others have now clearly shown that the VSG procedure has no element of malabsorption and that its weight loss outcomes are driven by altered metabolic pathways [13, 14] . Bariatric surgeries have been shown to impact several critical signaling and metabolic pathways to improve type 2 diabetes and dyslipidemia, even before significant weight loss occurs [12] . In the case of NAFLD, VSG produces a significant improvement of liver enzymes and liver triglyceride levels [15] .
Recent evidence suggests that in addition to their role in lipid digestion, bile acids can behave as signaling molecules. Almost in the same time frame, data have now come about from various cohorts that serum bile acid levels are increased after RYGB and VSG surgeries [16] . Patti et al. [17] reported elevated serum bile acid levels in humans after RYGB wherein the bile acid subfractions taurochenodeoxycholic, taurodeoxycholic, glycocholic, glycochenodeoxycholic, and glycodeoxycholic acids were all significantly higher in the RYGB subjects compared to overweight and morbidly obese weight-matched controls. Nakatani et al. [18] also showed that 'restrictive' procedures (9 of this group of 15 patients had VSG) resulted in increased total serum bile acid levels as the subjects lost weight. Further, Jansen et al. [19] reported elevated levels of the bile acid -ileal farnesoid X receptor (FXR) induced hormone FGF19/15 in a cohort of RYGB patients 3 months after surgery. We have now further shown that this bile acid phenomenon is procedure dependent, given that patients who lost weight with the gastric banding surgery (LAGB) or weight-loss-matched patients do not have an increase in serum bile acid levels similar to that seen in RYGB patients with the same excess weight lost after surgery [20] . The logical question is of course, as to whether there is a role for these elevated bile acids in signaling metabolic improvements after bariatric surgery, including in NASH resolution?
In addition to the data obtained in the clinical studies, we have observed and reported a similar increase in serum bile acids, with profound changes in serum bile acid composition, in obese mice subjected to VSG and experimental bariatric surgery rat models of ileal transposition and bile diversion [13, [21] [22] [23] . Using appropriate calorierestricted and weight-matched controls, we observed that VSG surgery in obese mice resulted in sustained weight loss and improvement in parameters of the metabolic syndrome, including a calorie-intake and weight-independent reduction of hepatic steatosis. Serum bile acids in the murine VSG model correlated with weight lost after surgery, and changes in serum bile composition could explain suppression of hepatic genes responsible for lipogenesis [13] . Together these data provide evidence for the putative role of bile acid signaling in the mechanisms behind bariatric procedures.
Putative Bile Acid Signaling Targets
One target for bile acid signaling that is being tested clinically is FXR [24, 25] . Recently an NIH supported multicentered, double-blind placebo-controlled study using a specific FXR agonist, obeticholic acid (OCA), was stopped by the Data Safety and Monitoring Board with concurrence of its NIH sponsors, secondary to 'preliminary, interim results showing that OCA has a significant beneficial effect on liver damage due to NASH'. However, along with these intriguing interim results it was also re- Kohli ported by the NIH that 'disproportionate lipid abnormalities' (increased total cholesterol with increased LDL and decreased HDL cholesterol) were observed in patients on OCA compared to those on placebo.
Interestingly, our group recently reported, in a paper by Ryan et al. [26] , that in the absence of FXR signaling (Fxr-knockout mice subjected to VSG), the ability of this bariatric surgery to reduce body weight and improve glucose tolerance was substantially reduced, further pointing to the importance of the bile acid-signaled FXR pathway in metabolic improvements observed after VSG. In addition, we found that intestinal microbiota composition was significantly different in wild-type and Fxr-knockout mice which underwent VSG. These data point out that clearly efficacious FXR agonism may have its own perils. Small heterodimer partner (SHP) located downstream of FXR is an atypical orphan nuclear receptor which regulates important processes in the liver, including bile acid, lipid, glucose homeostasis and immune responses [27] . Cholic acid administration in the diet reduces triglyceride levels in the wild-type but not in SHP-deficient mice [28] . Therefore, SHP-knockout mice do not respond to the lipid-reducing effect of bile acids.
In a follow-up study to Ryan et al. [26] , we assessed the importance of SHP activation by bile acids for the hepatic steatosis improvement observed after VSG by using genetically modified mice with hepatocyte-specific overexpression and whole-body SHP deletion [23] . Both SHP transgenic and knockout mice gained weight on a highfat diet and VSG resulted in weight loss in both strains. Transgenic mice developed steatosis on a high-fat diet that was reduced after VSG, but knockout mice were resistant to hepatic steatosis. Further, these mice on the high-fat diet had a proinflammatory hepatic phenotype that exacerbated despite weight loss after VSG [23] . SHPknockout mice show resistance to diet-induced obesity due to the increased basal expression of a dominant regulator of energy metabolism, PGC-1α, in brown adipocytes and increased energy expenditure [29] .
Some reports suggest that SHP lowers triglyceride levels via downregulation of Srebp-1c when stimulated by cholic acid [30] , while hepatic steatosis and Srebp-1c expression are increased in SHP-knockout mice compared to wild-type mice when treated with cholic acid [28] . Another study has described that SHP-deficient mice have reduced hepatic triglyceride content as SHP negatively modulates hepatic lipid export, uptake, and synthesis [31] . Boulias et al. [32] showed that sustained expression of SHP leads to the depletion of the hepatic bile acid pool and a concomitant accumulation of liver triglycerides. In our study, SHP-deficient mice gained less weight than their wild-type counterparts; however, they were still obese. SHP-knockout mice being lighter, with less body fat and higher serum bile acid levels, did not show either improvement or impairment of hepatic triglyceride accumulation after VSG [23] .
SHP also appears to take part in the systemic inflammatory response as SHP-deficient mice are more susceptible to endotoxin-induced sepsis [33] . Flow cytometry analysis performed on the livers of wild-type and SHPknockout high-fat-diet-fed mice showed that the ratios of T-lymphocyte CD4-CD69+, CD8-CD69+ and NK-CD69+ immune cells were higher in the SHP-deficient compared to the wild-type mice, pointing to the SHPknockout mice proinflammatory phenotype. Under the excess stress conditions, which are VSG and chronic high-fat diet administration, it is possible that the proinflammatory phenotype could be exacerbated in SHPknockout mice. Indeed, hepatic inflammation developed in SHP-knockout mice despite weight loss after VSG in our study [23] . Therefore, SHP plays a role in control of hepatic inflammation overall, and the lack of SHP signaling prevents VSG, despite producing weight loss, from resulting in averting hepatic inflammation.
Another enterohepatic bile acid signaling pathway comprised of fibroblast growth factor 15 (FGF15) and FGF receptor 4 (FGFR4) (FGF15-β-Klotho-FGFR4 axis) through which bile acids are able to regulate metabolic pathways is well studied [34] . The studies performed by our group suggest that FGF15 expression is increased, and cholic acid absorption and serum levels are elevated after VSG [13, 26] . Therefore, this bile acid-FGF15-FGFR4 pathway may also play a key mechanistic role, although it requires further investigation in a murine VSG surgery model. Stimulated in a postprandial state by the intestinal FXR, FGF15 may synergize with SHP and downregulate bile acid synthesis as described in a study by Inagaki et al. [35] .
Bariatric Surgery Alters Bile Acid Enterohepatic Circulation
Clinical and rodent studies have now clearly shown that not only are serum bile acid levels increased after VSG and RYGB, but a strong inverse correlation exists between total serum bile acids and blood glucose levels, bile acids and thyroid-stimulating hormone, and between bile acid levels and increased lipid oxidation [17, 36] . On the other hand, levels of several intestinal hormones and growth factors positively correlated with bile acid levels after RYGB, i.e. adiponectin, glucagon-like peptide-1 and FGF [17, 37] . It may be speculated that these changes observed in bile acid enterohepatic circulation in patients that have undergone RYGB are because of significant rerouting of the upper gastrointestinal tract, resulting in changes to the location where bile and chyme mix. However, the same cannot be applied to that of VSG surgery wherein only a section of the stomach is resected. Clearly, there is more to the benefits of RYGB and VSG than just malabsorption and gastric restriction.
Digging deeper into clinical studies of obese populations, one finds data supporting decreased levels of taurine-conjugated bile acids; however, their postprandial levels are significantly increased after RYGB indicating that a taurine-conjugated subset of bile acids may contribute to the metabolic improvements seen after bariatric procedures [38] . In our murine VSG studies, we have also reported that serum levels of total bile acids were increased with a particular elevation in cholic acid and tauroursodeoxycholic acid [13] . Haeusler et al. [39] recently reported elevated liver and plasma triglyceride levels in FoxO1-deficient mice that were associated with a deficiency of 12α-hydroxylated cholic acid and its synthetic enzyme Cyp8b1. This triglyceride imbalance was ameliorated when mice received FXR agonist cholic acid in their diet. On the other hand, it has been shown that oral administration of tauroursodeoxycholic acid markedly improved hepatic steatosis in ob/ob mice by reducing expression of de novo lipogenesis genes [40] .
Bile acids have the ability to suppress hepatic lipogenesis through activation of the FXR pathway and we have identified that the bile acid-responsive nuclear receptor FXR is a metabolic target responsible for positive outcomes after murine VSG [26] . A clinical study reported that in NAFLD patients levels of Fasn and Srebp-1c were increased, while those of FXR were depleted [41] . In another mouse study it was shown that cholic acid could decrease liver triglycerides via activation of the FXR-SHP pathway [30] . In the VSG mouse study performed by our group we found that lipogenic genes, i.e. Fasn and Cpt1a, were downregulated in the VSG group compared to their weight and caloric intake-matched controls [13] . However, it is not clearly understood how these changes in serum bile acid levels are originated despite the lack of biliary obstruction or intestinal manipulation performed during VSG surgery. It has been reported that ghrelin-O-acyltransferase knockout mice exhibited elevated serum bile acid levels. Ghrelin-O-acyltransferase is the activating enzyme for the orexigenic hormone ghrelin, produced primarily in the gastric fundus which is removed as part of the VSG surgery [42] . In our mouse study we detected that active ghrelin levels were lower in VSG compared to sham mice [13] . Further, bile acid reabsorption in the terminal ileum occurs in an active manner against its concentration gradient predominantly through the apical sodium bile salt transporter (ASBT) [43] . In addition, a greater ASBT-stained area, increased villi length and total surface area were observed after VSG [23] . This intestinal adaptive response is similar to that seen in other experimental bariatric cohorts that have been shown to have higher serum bile acid levels [21, 22, 44] . All of these facts may potentially explain the elevated serum bile acid levels.
Another potential explanation for the elevation in serum bile acids could be increased synthesis in the liver. Two key rate-limiting enzymes for total bile acids are Cyp7a1 and Cyp8b1 [45, 46] . Rather than being upregulated, however, expressions of both of these genes are reduced after VSG. Higher bile acids lead to suppression of hepatocyte bile acid production, but more importantly, higher bile acid levels also suppress the liver cell bile uptake mechanisms through the FXR activation [47] . Ntcp is the major bile acid transporter into hepatocytes from serum [48] , while Oatp4 and other Oatp family members play important roles in this process as well [49] . In our mouse studies, hepatic expression levels of Ntcp and Oatp4 were downregulated in the VSG mice [13, 23] . Similar suppression of bile acid uptake has been used to explain elevated serum bile acids by Vos et al. [50] in a rat cholestasis model. On the contrary, obese patients with NAFLD were reported to have increased expression of Cyp7a1 and Ntcp, indicating failure to activate SHP upon FXR stimulation [51] . All of these data point to a feedback loop, which may result in a higher steady level of serum bile acids after VSG ( fig. 1 ).
Conclusions
In summary, bariatric surgery in general and VSG in particular are successful treatments for obesity and improve a number of components of the metabolic syndrome, including NAFLD. In rodent bariatric surgery models, we observed ileal villus proliferation and increased ASBT protein expression, with resultant increased bile acid reabsorption through the ileum. These models also produce improvement in various comorbidities of obesity to a degree that is considerably greater compared to when it is achieved by weight loss via food restriction alone. These existing data specifically suggest a putative role for bile acid signaling in the hepatic improvements seen after bariatric surgery.
This not only highlights VSG as an important therapy for NAFLD/NASH but also offers alternative treatment targets and strategies based on the novel implication of the bile acid composition changes in the hepatoprotective effects of VSG surgery. FXR is 'a' target for the beneficial weight loss-dependent and -independent effects of VSG; similarly, its downstream target SHP and indirect enterohepatic signal FGF15/19 also merit future investigation. Clarity of this enterohepatic cycle of bile acid signaling is extremely necessary to understand the metabolic changes observed after bariatric surgery. This will hopefully lead to development of less invasive 'bariatric-mimetic' technologies that will provide similar metabolic benefits to a much wider population of patients suffering from obesity, NASH and other related comorbidities.
